ABSTRACT To determine whether prolonged, intense exercise training can improve left ventricular function in patients with coronary artery disease, we studied 25 patients, 52 ± 2 years old (mean + SE), who completed a 12 month program of endurance exercise training and 14 additional patients with comparable maximal exercise capacities and ejection fractions who did not exercise. The training program consisted of endurance exercise of progressively increasing intensity, frequency, and duration. During the last 3 months the patients were running an average of 18 miles/week, or doing an equivalent amount of exercise on a cycle ergometer. Maximal attainable V02 increased 37% (p < .001). Of the 10 patients with effort angina, five became asymptomatic, three experienced less angina, and two were unchanged after training. Ejection fraction was determined by equilibrium radionuclide ventriculography. At rest, ejection fraction was 53 + 3% before and 54 ± 3% after training (p = NS). Ejection fraction did not change during maximal supine exercise before training (52 ± 3%), but after training it increased to 58 + 3% (p < .01). During maximal exercise, systolic blood pressure and the rate-pressure product were higher after training. The systolic blood pressure-end-systolic volume relationship was shifted upward and to the left, with an increase in maximal systolic blood pressure (p < .001) and a smaller end-systolic volume (p < .05), providing evidence for an improvement in contractile state after training. In patients who did not participate in training neither this relationship nor the ejection fraction response to exercise was changed after 12 months. Exercise-induced regional wall motion disorders worsened in the training group. Our finding that prolonged, intense exercise training can bring about an improvement in left ventricular contractile function essentially independent of cardiac loading conditions in some patients with coronary artery disease provides evidence for a reduction in the severity of myocardial ischemia despite an increase in the myocardial 02 requirement. Circulation 74, No. 2, 350-358, 1986. EXERCISE TRAINING increases maximal exercise capacity, endurance, and the minimal work rate required to induce myocardial ischemia in patients with coronary artery disease.'-4 These effects have been attributed to adaptations in skeletal muscle and the autonomic nervous system2' 7 that result in smaller increases in heart rate and systolic blood pressure, and 
THERAPY AND PREVENTION-EXERCISE TRAINING function, as reflected by less ST segment depression at the same rate-pressure product20 and a higher stroke volume at a comparable heart rate and peripheral vascular resistance. 21 The purpose of the present study was The medications and their dosages were constant throughout the study except in one patient in whom the dose of propranolol was reduced. In this patient, propranolol was adjusted to the initial dosage for 10 days before final evaluation. The interval between the last dose of medication and the exercise test was also similar for each patient and averaged 13.8 + 2 hr initially and 13.2 + 2 hr (p = NS) at the end of the study. Sixteen of the 25 patients, 53+ 2 years old, had exerciseinduced myocardial ischemia evidenced by effort angina, 0.1 mV or greater horizontal or downsloping ST segment depression, and/or discrete severe regional left ventricular contraction abnormalities during exercise. Eight patients, 49 ± 4 years old, all with a previous myocardial infarction, did not exhibit exercise-induced ischemia. One patient could not be classified because of LBBB and extensive myocardial scar (No. 1 1, table 1 ).
An additional group of patients who did not exercise was used to evaluate the reproducibility of the measurements and the likelihood of spontaneous improvement in left ventricular function over a 12 month period. It comprised 13 men and one woman (average age 48+ 2 years) with documented coronary artery disease who were eligible for enrollment in our exercise program and similar to the training group in terms of age, maximal exercise capacity, and ejection fraction (table 1) . These patients lived too far away or had schedule conflicts that prevented them from participating in the exercise program. Eleven of these patients had sustained a prior myocardial infarction. Five had chronic stable effort angina. The interval between the major coronary event (myocardial infarction or coronary revascularization) and initial testing was at least 3 months and averaged 13.6 ± 4 months.
Treadmill exercise test and maximal 02 uptake capacity (VO2max .95) and 6 ± 3 ml (r = .88), and those at peak exercise were 1.7 ± 0.9% (r = .92) and 7 Exercise program. The 12 month long exercise program used in this study has previously been described in detail. 20 Briefly, patients were expected to exercise three times a week CIRCULATION for the first 3 months and five times per week thereafter. The duration of exercise sessions was 40 to 45 min for the first 3 months and was increased progressively to 50 to 60 min of exercise exclusive of the warm-up and cool-down periods over the next 3 months. The training intensity ranged from 60% to 70% of the maximal attainable V02 for the first 3 months and was then gradually increased to 70% to 90% of maximal attainable V02 over a 6 month period. The intensity of training was assessed by measurement of heart rate and the relationship between heart rate and V02 and was verified periodically by col Heart rate, blood pressure, and rate-pressure product.
Heart rate at rest decreased significantly from 64 ± 2 to 56 ± 2 beats/min (p < .001) with training. Systolic and diastolic pressure at rest did not change. Submaximal heart rate, systolic and diastolic blood pressure, and rate-pressure product at the same work intensity (stage I of the Bruce protocol) were lower after training (figure 1).
The peak heart rate attained during supine exercise was 125 ± 4 before and 130 ± 3 beats/min after training (p < .01), averaging 87% and 86% of the maximal heart rate during treadmill exercise initially and 1 year later, respectively. Systolic blood pressure (figure 2) and rate-pressure product (table 1) during supine cycle ergometer exercise were higher after 12 months of training. The rate-pressure product during maximal treadmill and supine cycle ergometer exercise was similar.
In the 14 patients who did not participate in exercise training, heart rate, blood pressure, and rate-pressure product during submaximal and maximal treadmill or supine cycle ergometer exercise did not change significantly over a 12 month interval (table 1) .
ST segment changes. In the seven patients of the training group who were not on digoxin and for whom volumetric data and good quality electrocardiographic figure 3 ). End-diastolic volume (126 + 12 ml before and 155 ± 13 after, p < .05) and ejection fraction (54 ± 3% vs 62 ± 3%, p < .005) were both higher during exercise that elicited the same rate-pressure product after training (figure 3). ST segment depression did not change in the 14 patients who did not undergo exercise training. Left ventricular volumes. Volumetric data were available in 23 of the patients. LVEDV at rest was slightly but significantly increased from 148 + 10 to 159 + 10 ml (p < .025) after 12 months of training. At peak supine exercise, LVEDV was also significantly higher after training (148 ± 19 ml before vs 163 + 10 ml after, p < .005). However, the changes in LVEDV from rest to exercise were negligible both in the trained and untrained states. In the 14 patients who did not exercise, LVEDV at rest (150 ± 14 vs 155 ± 13 ml) and at peak supine exercise (162 + 18 vs 159 ± 15 ml) did not change over 12 months.
LVESV at rest was 75 ± 9 ml before and 78 ± 9 ml (p = NS) after training. Peak exercise values for LVESV were the same in the trained and untrained states (75 + 9 vs 75 ± 11 ml). However, the directional changes in LVESV from rest to exercise were different, showing a decrease in LVESV after training (p < .05; figure 2). In the 14 patients who did not exercise, LVESV did not change significantly at rest (74 ± 10 vs 72 ± 9 ml) or with peak supine exercise (82 + 13 vs 77 ± 11 ml). Left LVESV decreased with exercise after but not before training (p < .05; figure 2 ). The systolic blood pressure attained during maximal exercise was significantly higher after training (171 + 5 mm Hg before vs 189 + 4 after, p < .001), shifting the pressurevolume relationship up and to the left (figure 2).
In the patients who did not participate in training, no significant changes in LVESV, systolic blood pressure, or the pressure-volume relationship occurred (figure 2).
Left ventricular stroke work-end-diastolic volume relationship (Frank-Starling mechanism). Left ventricular stroke work was higher at rest and during maximal exercise after (106 ± 6 g-m at rest and 159 ± 1 g-m with exercise) than before training (93 ± 5 g-m at rest and 125 ± 9 g-m with exercise, both p < .01). Furthermore, the change in left ventricular stroke work increased from 31 ± 7 g-m before to 50 ± 8 g-m after training (p < .005). LVEDV was significantly higher after training at rest and during maximal exercise. However, LVEDV did not increase from rest to exercise either in the trained or untrained subjects (0.1 ± 3 vs 4 ± 5 ml, p = NS). Therefore, the increase in left ventricular stroke work from rest to maximal exercise could not be attributed to an increase in preload.
In the 14 subjects who did not exercise, no significant changes in LVEDV or in left ventricular stroke work from rest to exercise occurred over 12 months.
Changes in regional left ventricular contraction abnormalities. Twenty-two of the 25 patients exhibited regional contraction abnormalities at rest before training. In four patients it was not possible to assess regional wall motion abnormalities during exercise because of the extensive contraction abnormalities present at rest. Exercise-induced contraction abnormalities were clearly detectable in 10 patients. Of these, eight showed improvement in exercise-induced wall motion disorders after training. In one patient the regional wall motion disorder became worse, and in another it remained unchanged. The improvements in regional wall motion abnormalities occurred despite a higher rate-pressure product (20.65 x 103 + 1.4 x 103 VS 25.1 x 103 + 1.4 x 103, p < .025), a larger LVEDV (126 ± 17 vs 135 ± 14 ml, p < .05), and a higher ejection fraction (55 ± 6% vs 61 ± 6%, p < .025) attained during maximal exercise.
Among the 14 patients who did not undergo training, an exercise-induced regional wall motion disorder was detected in five initially and in seven patients 12 months later. Of the five patients who had exerciseinduced regional contraction disorders on the initial Vol. 74, No. 2, August 1986 U-L_ radionuclide ventriculogram, four showed no change or deterioration of regional wall motion abnormalities, and one showed improvement in regional contraction abnormalities. The lack of improvement or deterioration of regional wall motion disorders was evident despite similar levels of rate-pressure product (23.55 x 103 + 1.4 x 103vs23.56 x 103 + 1.8 X 103,p = NS), LVEDV, and ejection fraction at peak exercise initially and a year later. The changes in regional wall motion disorders over a 12 month interval were significantly different between the training and nonexercising control groups (X2 = 8.305, p < .005). subgroups (figure 5). Furthermore, peak exercise ejection fraction was significantly higher in the trained compared with the untrained states in both subgroups (figure 5). The higher ejection fraction was attained despite a significantly higher systolic blood pressure at peak exercise after training in both subgroups (figure 5).
In the subgroup with exercise-induced myocardial ischemia, the systolic blood pressure-LVESV relationship was shifted upward and to the left, with a smaller LVESV and higher systolic blood pressure, after 12 months of training. In patients with no apparent exercise-induced myocardial ischemia, the systolic blood pressure-end-systolic volume relationship was shifted only upward, with no significant change in LVESV but a significantly higher systolic blood pressure after training ( figure 5) Endurance exercise training had no significant effect on plasma total cholesterol (214 ± 10 vs 205 ± 9 mg/dl) or plasma triglycerides (174 ± 26 vs 142 ± 11 mg/dl). However, the HDL cholesterol level increased by 13% (39 ± 2 vs 44 ± 2 mg/dl, p < .005), improving the atherogenic index (total cholesterol to HDL cholesterol ratio) from 5.7 ± 0.3 to 4.7 ± 0.3 (p < .001). The LDL cholesterol level was 135 ± 8 mg/dl before and 126 ± 7 mg/dl after training (p = NS). This increase in the level of HDL cholesterol without a change in total cholesterol is not surprising because exercise was the only experimental intervention used.
Discussion
Our results provide evidence that endurance exercise training of progressively increasing intensity can improve left ventricular contractile function in some patients with coronary artery disease. This improvement appears to reflect a reduction in the severity of myocardial ischemia.
A rise in ejection fraction, as seen in healthy subjects during exercise, generally reflects an enhanced CIRCULATION Ui contractile state,3' reduced afterload,34' 5 and/or a large increase in preload.35 36 Thus, a higher maximal exercise ejection fraction after training could be the result of either improved left ventricular contractile function secondary to a reduction in myocardial ischemia or of favorable changes in cardiac loading conditions. However, it is unlikely that an increase in preload contributed significantly to the higher exercise ejection fraction in our patients because the changes from rest to exercise in end-diastolic volume were negligible. Furthermore, a higher end-diastolic volume would be expected to raise the myocardial 02 requirement37 and potentiate myocardial ischemia, which could in turn further impair left ventricular function. Although left ventricular wall stress cannot be measured reliably during exercise with the currently available noninvasive techniques in patients with coronary artery disease, it is unlikely that afterload was lower after training because peak exercise systolic blood pressure and LVEDV were significantly higher and end-systolic volume did not change. The upward and leftward shift in the systolic blood pressure-end-systolic volume relationship also suggests improvement in left ventricular contractile function,3840 even though peak systolic blood pressure may not reflect end-systolic pressure.
Improvement in left ventricular function in response to 12 months of training was evident both in patients with clear-cut evidence of exercise-induced myocardial ischemia and in those with no apparent provocable myocardial ischemia. However, the extent of the improvement in left ventricular function in response to training appeared to be more impressive in the patients with provocable ischemia than in those without it; this is evidenced by the difference in the systolic blood pressure-end-systolic volume relationship in the two subgroups, probably because the subjects in the latter group had larger myocardial scar than those in the former group. However, the presence of small areas of myocardial ischemia cannot be excluded in the subgroup in which ischemia was not detectable with our methodology. It is therefore likely that the primary mechanism for improvement in left ventricular function in the majority of our patients was a reduction in myocardial ischemia.
Spontaneous improvement in left ventricular contractile function over a 12 month interval is unlikely to account for our findings. Williams et al. 4 ' did not observe any improvement in left ventricular function in a large number of patients who underwent exercise training of moderate intensity. Furthermore, the patients in the present study who did not exercise did not show improved left ventricular function 12 months later. Interventions designed to increase coronary blood flow, such as coronary artery bypass graft surgery, improve global and regional left ventricular function during maximal exercise by decreasing myocardial ischemia,42'43 making it possible to attain a higher myocardial V02. The myocardial 02 requirement is influenced by heart rate, contractile state, and left ventricular wall tension.34 Left ventricular contractile function and regional wall motion abnormalities improved in our patients in response to training, despite attainment during maximal exercise of a higher heart rate. It is unlikely that left ventricular wall tension was lower after training because systolic blood pressure and end-diastolic volume were higher and end-systolic volume was unchanged at peak exercise. Furthermore, we have previously reported that patients who have adapted to the training program used in this study attain a higher concentration of plasma norepinephrine during maximal exercise,23 which, per se, raises myocardial 02 demand.31 Thus, the improvement in left ventricular contractile function in our patients was not likely due to a lower myocardial oxygen requirement, but rather to an improvement in myocardial oxygenation. The present results extend our previous findings that intense exercise training can result in volume overload left ventricular hypertrophy in patients with coronary artery disease similar to that seen in healthy subjects. 22 This physiologic hypertrophy is characterized by proportional increases in left ventricular radius and wall thickness, as reported previously. 22 Several previous studies did not show improvement in left ventricular function9' 10" 41 or myocardial ischemia5' 11 12 in response to exercise training in patients with coronary artery disease. These negative results most likely reflect an insufficient training stimulus rather than differences in the patient populations. The clinical status of our patients on entry to the study, in terms of exercise capacity and/or ejection fraction at rest, was similar to that of the patients in most other studies.4 5, 9-12, 41, 44 The major obvious difference between our study and those of others is the nature of the training stimulus. The training intensity used in our study was high enough to induce a 37% increase in measured V02max. This was accomplished by progressively increasing the intensity, duration, and frequency of the exercise over the 12 month period rather than keeping the patients on a maintenance exercise regimen after 3 months of training.
The results of this study show that in addition to inducing adaptations that result in a lower heart rate and systolic blood pressure at the same submaximal work rate, prolonged, high-intensity endurance exercise training can improve left ventricular systolic function during maximal exercise independent of cardiac loading conditions in some patients with coronary artery disease who can exercise regularly and intensely. This improvement is likely due to improved oxygenation of some of the underperfused regions of the myocardium.
